ABSTRACT: Studies were made of the chemical composition of the copper products formed at 43, 58 and 78% relative humidity (RH) in contaminated (10-ppm acetic acid vapour) and uncontaminated environments in the presence and absence of the volatile corrosion inhibitor benzotriazole (BTA) for 7 d at 30ºC. Such studies were conducted using X-ray photoelectron spectroscopy (XPS). General XPS spectra over a wide binding energy region showed C and O peaks in addition to those corresponding to the different copper compounds. Copper specimens exposed to acetic acid vapour in the presence of BTA also exhibited N emissions. The main compounds formed were cuprite (Cu 2 O), copper hydroxide [Cu(OH) 2 ], copper acetate and copper-benzotriazole (Cu-BTA) complexes.
INTRODUCTION
A volatile corrosion inhibitor (VCI) is a compound that has the ability to vaporise and condense on a metal surface thereby making it less susceptible to corrosion. The main advantage of VCIs compared with conventional corrosion control methods stems from their gas-phase transportation, which enables them to reach all metal surfaces without the need for the solid VCI to be brought into direct contact. VCIs are suitable for protection in enclosed spaces (packages or containers) during the storage and transportation of metals and components. VCIs can be incorporated in wrapping paper, powder, sachets or pellets (Bastidas and Mora 1998; Mindowicz and Puchalska 1964; Fiaud 1997) .
The disadvantages of VCIs are that they can accelerate the corrosion of some non-ferrous metals, alter the colour of some plastics and make it necessary to use hermetically-closed packaging in order to avoid the loss of the inhibitor (Wachter et al. 1951; Donovan 1986; Bastidas et al. 1990; Mora and Bastidas 1987) .
VCI users include the military and automotive industries, nuclear and petrochemical plants, surgical equipment and electronic component manufacturers, conservators of cultural heritage and producers of high-precision electronic materials. In the latter case, some precautions are necessary in the use of VCIs (Miksic and Martin 1985) .
Organic acid vapours, such as those of acetic and formic acid, have been shown to produce copper corrosion even at low humidities (40 and 80% RH) and to play a very important role in indoor corrosion (Cano et al. 2001a, b; Cano and Bastidas 2002) . Copper is employed in a number of uses where it can be exposed to such organic acids. In many cases, even a thin corrosion layer can be unacceptable and other surface protection or passivation methods are not suitable. Typical examples include electronic devices and cultural heritage items. In these cases, the use of VCIs offers a good alternative.
Despite the extensive use of benzotriazole (BTA) as a copper corrosion inhibitor, most studies have considered its use in immersion tests and few have studied the use of BTA as a VCI. As a result, information is not available about its behaviour on copper exposed to environments contaminated with organic acid vapours.
The aim of the work described herein was to study the chemical composition of films formed on copper exposed to a 10-ppm acetic acid vapour-contaminated environment, in the presence and absence of BTA, as a function of relative humidity (RH) values of 43, 58 and 78%. X-Ray photoelectron spectroscopy (XPS) was employed to provide structural and chemical information about the Cu-BTA layer.
EXPERIMENTAL
The commercial copper used had the following chemical composition (wt%): 0.019 P, < 0.001 Fe, < 0.001 As, < 0.001 Mn, < 0.002 Sb, < 0.001 Al, 0.009 Sn, 0.003 Ni, 0.015 Pb, < 0.005 Ag, < 0.001 Bi, < 0.001 S and < 0.005 C, the balance being Cu. The copper of type C12000, ASTM B224-98 standard was phosphorus-reduced and had a low residual phosphorus content.
The experimental procedure employed has been described elsewhere (López-Delgado et al. 1998; Bastidas et al. 2000; Echavarría et al. 2003) . Corrosive environments were generated in an airtight 2.4-l volume glass vessel. In order to obtain a vapour concentration (C) of acetic acid in the vapour phase, it was assumed that the partial pressure of solvent (acetic acid) vapour in equilibrium with a dilute solution was directly proportional to the mole fraction (χ) of solvent in the solution.
The relationship obtained between the concentration of acetic acid in the vapour phase (C), expressed in ppm (10 −6 by weight), and the amount of acetic acid in the solution was:
where G is the mass of acetic acid expressed as the number of grams in a 1000-ml volume solution; P t is the atmospheric pressure (in mmHg); and P 0 is the vapour pressure of the solvent (acetic acid). The value of P 0 was obtained using the Clausius-Clapeyron equation [see equation (2)] employing data from the literature (Lide 1990 ):
The temperature was maintained at 30 ± 1°C during the experiments by immersing the airtight glass vessel in a thermostatically controlled water bath. Hence: The RH was achieved according to ASTM E104-85 standard by placing 350 ml of a saturated aqueous salt solution in the bottom of the airtight glass vessel. A potassium carbonate dihydrate (K 2 CO 3 •2H 2 O) solution was used for ∼43% RH, a sodium bromide dihydrate (NaBr•2H 2 O) solution for ∼58% RH and an ammonium chloride (NH 4 Cl) solution for ∼78% RH.
The test environment consisted of a 10-ppm concentration of acetic acid, the vapour concentration of acetic acid being obtained by mixing the appropriate amount (0.91 g) of glacial acetic acid (Merck) [G in equation (3)] in distilled water to complete 500 ml of solution. For humidity control, the copper specimens were suspended above the saturated aqueous salt test solution by means of a nylon thread. At the end of such experiments (7 d), the copper specimens were analysed using XPS methods.
XPS analysis was performed using a VG Microtech model MT 500 spectrophotometer with an Mg Kα 1.2 anode X-ray source [hν = 1253.6 eV BE (BE = binding energy)], with a primary beam energy of 15 kV and an electron current of 20 mA. The pressure in the analysis chamber was maintained at 1 × 10 −9 Torr throughout the measurements. The regions of interest were C 1s, O 1s, N 1s, Cu 2p 3/2 and the Cu L 3 M 4.5 M 4.5 Auger peaks. The instrumentation was calibrated periodically using Ag 3d 5/2 (368.3 eV BE) and Au 4f 7/2 (84.0 eV BE) substrates. The spectra were integrated for 20 scans. The XPS spectra were analysed by a least-squares fit in order to obtain more information about the chemical states. The peaks were fitted using a Gaussian-Lorentzian mixed function after a Shirley background subtraction (Seah 1990) .
RESULTS AND DISCUSSION
General XPS spectra over a wide BE region for copper specimens exposed to 43, 58 and 78% RH showed C and O peaks in addition to those corresponding to the different copper compounds. Nitrogen emissions were also observed for the copper specimens exposed to BTA. Figures 1-3 show high-resolution XPS spectra for C 1s corresponding to copper specimens exposed to 43, 58 and 78% RH, respectively, both in the presence and absence of 10-ppm acetic acid vapour, and with and without BTA. The copper specimens showed similar behaviour at the three tested RH values. The peaks were fitted with four components: (i) at 284.5 eV BE, corresponding to C-C and C-H bindings; (ii) at 286.0 eV BE, corresponding to C-O; (iii) at 287.5 eV BE, corresponding to C=O; and (iv) at 288.2 eV BE, corresponding to O-C=O. Copper specimens exposed to 10-ppm acetic acid vapour in the absence of BTA [Figures 1(a), 2(a) and 3(a)] exhibited a significant contribution from the peak located at 288.2 eV BE. This may be attributed to the formation of copper acetate, thereby corroborating previous results (Cano et al. 2001) . For copper specimens exposed to the action of 10-ppm acetic acid vapour and with BTA [ Figures 1(c) , 2(c) and 3(c)], the areas of the peaks located at 288.2 eV BE and 284.5 eV BE were reduced and increased, respectively. This may be attributed to the formation of a Cu-BTA complex. The increase in the C-C peak may be explained by the contribution of the aromatic ring of the BTA compound.
Figures 4-6 show high-resolution XPS spectra for O 1s corresponding to copper specimens exposed to 43, 58 and 78% RH, respectively, both in the presence and absence of 10-ppm acetic acid vapour, and with and without BTA. The peak located at ∼530.1 eV BE corresponded to the Cu-O emission, the line defined at 531.5 eV BE corresponded to hydroxides and/or oxygen in the acetate group, while the signal located at 533.0 eV BE was the contribution of water. The presence of chemically bound water was typical for original specimens without sputtering. The presence of BTA appeared to decrease the amount of adsorbed water and the intensity of the acetate peak on specimens exposed to 10-ppm acetic acid vapour. Comparing the present results with others published previously by the authors (Cano et al. 2001 ), a similar reduction in water and hydroxide peaks was observed on copper in the presence of BTA in an uncontaminated atmosphere. The reduction in adsorbed water may be explained by the hydrophobic properties of the aromatic ring of the Cu-BTA complex formed on the surface of the copper. In all cases, the presence of BTA reduced the amount of oxygen species, which may be interpreted as a reduction in the corrosion process of the copper specimens. Figures 7-9 show the Cu 2p 3/2 core-level emissions corresponding to copper specimens exposed to 43, 58 and 78% RH, respectively, both in the presence and absence of 10-ppm acetic acid vapour, and with and without BTA. It will be seen that all the spectra exhibited the characteristic shake-up satellites of compounds containing Cu(II) at high BE (∼940.3 and ∼943.3 eV BE). Following a least-squares fit analysis, two components were obtained: (i) the peak located at ∼932.4 eV BE corresponding to cuprite (Cu 2 O) and/or to metallic copper (Cu 0 ); and (ii) a second peak at higher binding energies attributable to cupric compounds.
To distinguish between cuprite and metallic copper components, it was necessary to examine the X-ray excited Cu L 3 M 4.5 M 4.5 Auger peaks. At lower RH, these spectra (not included) exhibited contributions from both Cu 2 O and Cu 0. However, the contribution of the cuprous species increased with RH, with the contribution of Cu 0 almost disappearing at 78% RH. Differences in the position of this second peak were observed in the presence of BTA. On copper specimens exposed to the action of 10-ppm acetic acid vapour in the absence of BTA [Figures 7(a) , 8(a) and 9(a)], this peak was located at 934.2-934.5 eV BE and may be attributed to copper acetate (Cano et al. 2001) . On the other hand, on copper specimens exposed to 10-ppm acetic acid vapour in the presence of BTA [Figures 7(c) , 8(c) and 9(c)], this peak was located at lower binding energies, i.e. 933.6-933.9 eV BE. In the latter case, the presence of the cupric species may be attributed to a Cu(II)-BTA complex. Chadwick and Hashemi (1978) have demonstrated the formation of a Cu(I)-BTA complex on the copper surface in immersion tests; this oxidised upon exposure to air, forming a thin layer of Cu(II)-BTA.
Figures 10 and 11 show high-resolution XPS spectra for N 1s corresponding to copper specimens exposed at 43, 58 and 78% RH both in the presence of BTA, and without and with 10-ppm acetic acid vapour, respectively. A unique peak could be defined in all cases attributable to the N atoms of the triazole ring (Chadwick and Hashemi 1978) . However, small differences in the BE of this peak were observed in an atmosphere polluted with 10-ppm acetic acid vapour (peak at 399.4 eV BE, Figure 11 ) as well as in an unpolluted atmosphere (peak at 399.8 eV BE, Figure 10) . The atomic percentages of the different elements were calculated using the peak areas and the sensitivity factors for each element in order to obtain quantitative information regarding the amounts of BTA compounds and corrosion products. It should be noted that XPS does not give direct information about the total amount of BTA deposited on the surface of the copper. However, due to the surface character of the technique, the surface atomic percentage can be directly related to the degree of coverage of BTA. Figure 12 shows the evolution with RH of the atomic percentage of the different compounds present on the surfaces of the copper specimens under the different conditions studied. An important decrease in the acetate peak may be observed for copper exposed to 10-ppm acetic acid vapour in the presence of BTA. The reduction in the amount of this compound was ~66% at the lower relative humidities (43% and 58%) but this increased to ~85% at 78% RH. The atomic percentage on specimens exposed to 10-ppm acetic acid vapour in the presence of BTA was reduced to the levels of specimens exposed to an unpolluted atmosphere in the presence of BTA, where the contribution of this peak could be attributed to typical surface contamination of the specimens. A similar behaviour was observed regarding the amounts of oxygen compounds, which were reduced in all cases. This reduction was greater at the highest RH tested and was especially significant in the amount of water, as pointed out above.
The amount of Cu-BTA on the surface was related directly to the intensity of the N peak, since the presence of nitrogen was only attributable to the BTA or Cu-BTA on the copper surface. The amount of the Cu-BTA complex (obtained from the N 1s signal intensity) remained almost constant with RH. However, the presence of acetic acid seemed to favour the formation of the Cu-BTA complex. The increase in the amount of Cu 2 O in the presence of 10-ppm acetic acid vapour may be attributed to the better formation of the BTA layer, as it has been shown that the presence of cuprous oxide enhances the adsorption of BTA and growth of the Cu-BTA film (Chadwick and Hashemi 1978) .
CONCLUSIONS
XPS results showed that the corrosion product layer formed on copper specimens exposed to 43, 58 and 78% RH over a period of 7 d was mainly composed of cuprite (Cu 2 O), copper hydroxide [Cu(OH) 2 ], copper acetate and copper-benzotriazole (Cu-BTA) complexes. The percentage of copper hydroxide was greatest for 78% RH specimens, lower for 58% RH and attained its minimum value for the 43% RH specimens.
Under the conditions tested, BTA reduced the formation of copper acetate in copper specimens exposed to 10-ppm acetic acid vapour by 66-85%. XPS demonstrated the formation of a Cu-BTA complex on the surface of the copper that reduced the adsorption of water on the copper surface and the formation of oxidised copper compounds.
